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EXACT SOLUTIONS OF LAMINAR-BOUNDARY-LAYER

PROPERTY VALUES FOR POROUS WALL WtTH VARIABLE TENIPERATURE 1
EQUATIONS WITH CONSTANT’ :

By PATIUCKL. DONOUQm and JOHN N. B. LIVINGOOD

SUMMARY

.llcaztsolw?ion of the laminar-boundmy-kyer eqw-ztiozwfor
wedge-iWe jlow wii%constant property WIlua are prawrdedfor
tranqnkdm-cooled surfacee with variuble wall temperature.
The di$emnce betweenwail and 8tnam temperatureh amumed
proportional to a power of the divkmw from the kuding edge.
Sohdions are givenfor a PrandL?number of 0.7 and range8 of
premure-gradient, cooling-air-jkno, and waLL!.empemture-
gradbnt parameters. hm.dary-fuyer pTOfik8, dimen8imk8
boundary-layer thi&nea8e8,and convective heat-tran8fer coefi-
vim& are ~“ven in both i!ubukr and graphicalform. Corres-
ponding resultsfor constuntwiz?ltemperatureandfor imperme-
able ewrfac.aare inckded for comparison p-urpo8e8.

The resuls indicate thut inertxwing the waU-temperature
gradient yi.ef.d.s8t&per temperature proj.ka in the bounohy
la~erfor a @en cooiimtj?ow. The 8teep8rtemperaturepmji.k
produce increa+wd local convective-h@-transfer mejicients.
The8e effeets of the wak’emperatwre gradient were reduced as
the cooihnt @o wa8 increa8ed. WaU-t+9mperaturew.n-iation8
rew?t?ingin zero boundary-fayer temperahwe gradients at tlw.
waUwere found to be invreud by increased preawe gradient
and decreimedby inereaeed wohnt @w.

INTRODUCTION

A knowledge of the behavior of the boundmy layer
adhering to cooled or heated bodies immersed in a moving
fluid is essential for accurate prediction of heat transfer or
skin friction. When the boundary layer iElaminar, solutions
of the boundary-layer equations resulting from wedge-me
flow (flow for which the main-stream veloci~ is proportional
to rLpower of the distance from the stagnation point) have
been reported for a permeable wall’ with a constant wall
temperature and for an impermeable wall with variable wall
temperature. (These solutions will be discussed later in the
INTRODUCTION.) The simultaneous effeetaof a variable
temperature and a permeable wall on the heat transfer
apparently have not been obtained heretofore. These eifecta
are analyzed herein by solution of the laminar-boundary-,
l~yer equations with constant property values and wedge-
type flow.

Solutions for w-edge-type flow ean be used directly as a
first approximation for calculating local heahtramfer coefE-
cienta to bodies of arbitiary cross section such aa turbine
blades (refs. 1 and 2), airfoils (ref. 2), and cylinders (ref. 3).
When the need arises for more accurate hea~tiansfer predic-

tions, a second or better Approximation that utilikes the
solutions for wedg&@_pe flow is prwmted in references 4 to 6.

In referenca 7 to 9, exact solutions of the huninar-
boundary-layer equations are presented for wedge-type flow
with a constant wall temperature under conditions of variable
property values, transpiration cooling, and small Maoh num-
bers. Experimental velocity distributions for an isothermal,
porous flat plate are available in reference 10. References
6 and 7 to 9 summarize pretious analyses of wedge-type flow
with constant wall temperature. Consequerkly, only the
investigations which include the effects of variable wall tem-
perature will be noted herein. Such calculations contained
in the references which follow were made only for the
impermeable or solid wall.

Exact solutions of the energy equation for a variable will
temperature with wedge-type flow were first presentid by
Fage and Falkner (ref. 11). These solutions were obtained
for conditions of constant property values, a Prandtl m-unbar
of 0.77, and a linear velocity increase normal to the wall;
heat produced by fiction and compression were neglected.
Calculations given by Sehuh (ref. 12) for constsnt property
values and a Prandtl number of 0.7 employ the exact velocity
distributions of Hartree (ref. 13); frictional and compression
heating were again neglected. Chapman and Rubesin give
results for zero pressure gradient (the flabplata case or zero
wedge+pening angle) for a Prandtl number of 0.72 and an
arbitrary surface-kunperature variation; these results include
frictional heating (ref. 14). Heat+tmmsfer results are re-
ported by Levy (ref. 15) for wedge-type flow and a range of
Prandtl numbers appropriate for gasea and liquids &randtl
numbers from 0.7 to 20); fictional and comprtion heating
are partially accounted for.

Approximate solutions for the heaktransfer rate with an
srbitrary distribution of main-stieam veloci~ and wall tem-
perature are obtained by Lighthill (ref. 16). These solutions
axedisowsed and @lized in references 17 ti 20. In reference
16, the formulss are of the nature of an ssyrnptotic formula
for large Prandtl number and it is shown that the approxi-
mate asymptotic.formuks are not too muoh in error even for
a Prandtl number of 0.7. A different method of solution for
a large Prandtl number is given by references 21 and 22.
For either a large Prandtl number or large mill-temperature
variations, symptitic solutions are found in reference 23;
expansions, corrections, and simplifications are contained in
references 24 to 27.
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The previous literature indicates quite pronounced
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effecik
of a variable wall temperature on heat hansfer. Current
interest in transpiration cooling led to an investigation of
such effects for porous surfaces. This investigation was con-

‘ @cted at the NACA Lewis laboratory and the rwults are
prcaented herein. Solutions of the laminar-boundary-layer
equations with constant property valuca are given for ranges
of prcawmgradient parameiws, dimensionless flow rates
through the porous wall, and dimensionlesswall-temperature
gradients. Velocity and temperature distributions and their
derivatives are tabulated. For each case, nondimensional
forms of heabtransfw and friction coeilkients, and various
dimensionk.s boundary-layer thickwses axe also tabulated.

SYMBOLS

The following symbols are used in this report:
B,C

Cf

Cp

Eu

f
f’, f“, Y“

H
k
NIL
n

Pr
P

%0
T
u.
u
v
x
r
Y’, Y“

Y
8
6*

&

Ist

6t

T

constants of proportionality
r~

pu.2
2—

speciiic heat at constant pressure
dp

Euler number, ‘z E
-’-+ u.=cx-pu.

dimensionless stream function
first, second, and third derivativea of f with

rwpect to v
local convective heatAmnsfer coefficient at z
thermal conductivity
local Nusselt number, Hz/k
temperature gradient parameter, [z/(Tm– T.)]

(dTM/&); T=– T.=Bti
Prandtl number, cpP/k
static presmre
heat flow by radiation
Reynolds number, UmZ/JJ
temperature
fluid velocity at edge of boundary layer
fluid velocity in boundary layer parallel to wall
fluid velocity in boundary layer normal to wall
distance along surface
temperature-difference ratio, (T– TJ/(Tu- T.)
fit and second derivatives of Y with respect

toq
distance normal to surface
boundary-layer thickness
displacement boundary-layer thiclmess, 6*=

J“(1-5)’Y
convection boundary-layer thickness, 6.=

J’%:(:=%)’Y
momentum boundary-layer thickness, &=

J“%(’-&)dy
thernd boundaxy-la-yer thickness, 6,=

nokne~lonfi boundary-layer coordinate,
k?

P
v

P

;
Subscripts :
1
w
CO

absolute viscosity of fluid
kinematic viscosity of fluid, p/P
densi~ of fluid
shear stress
stream function

location along plate (see fig. 3)
wall
main stream, outside boundary layer

ANALYSIS

LAMINAR-BOUNDARY-LAYEREQUATIONS

The equations of the laminar boundary layer for steacly-
state flow of a fluid with constant properties may be written:
Momentum:

Mu 1 Zlp
u~+v~=vag pax————

Continuity:

$+$=0
—

(1)

(2)

l!hergy:
If the temperature differences bekween. the wall and the

main stream are assumed large as com~ared with tempera-
ture changes caused by compremion and frictional heating
and.appendix A is used, the energy equation maybe written:

.,

aTva=T’”u g:+v —=— —2
ay Pr a~ (3)

The boundary conditions are, for y= O

u=O; v=v.; T= T.
and, for y+ co

U*U.
}

,@)

In order to reduce the number of Calculationsand increaso
the flexibility of the results, dimensionless parametem for
pressure and -wdI-temperature variations me introduced.’

PARAMI?TERSFORPRESSUREANDW-TEMPERATURE GRADIENTS

For wedge-type flow, the main-stream-velocity variation
is given by

Um=659 (6)

where Eu is a constant for a given wedge. Differentiation
of equation (5) with Eu constant and use of Bernoulli’s
equation yield

X fl._ ‘X ‘p
E..=— __— _

U. ‘x o.’ dx (6)

“Equation (6) shows that the EuIer number is a dimensionless
measure of the main-strewn pressure gmdient.

A similarprocedure maybe employed in the determination
of the wall-temperature-gradient parameter. It is assumed
that the difference between the wall and the stream tempera-
ture is proportional to a power of the distance from the leacl-
ing edge, that is,

T.– T.=Bz* (7)

where n and T- are considered constant. This relation is
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used in references 11, 12, and 15. Differentiation of equation
(7) gives

(8)

Equation (8) offers a formula for calculation of the wall-
temperature-grrdient pamneter similar to equation (6),
which has been used (e. g., refs. 2 and 4) to calculate the
pressure-gradient parameter.

TRANSFORMATION‘TOORDINARYDIFFERENTIALEQUATIONS

The transformation from partial to ordimwy dHerential
equations is rwcomplished by the following changea in vari-
nbles:

m

(9)

where q is the dimensionkas independent variable of Blasius
ondj and I’ are dimensionless dependent variables represent-
ing stream function and temperature, respectively.

The continuity equation (2) is satisfiedby the stream func-
tion x since

(lo)

Transformation of the momentum equation (1) and the
energy equation (3) into ordinary differential equations is
accomplished by use of equations (5) through (10). The
momentum equation becomes

(11)

and the energy equation becomes

Y,,=–(E~+l) Prjyf+nPrf7 (12)

with the boundmy conditions for q= O

.f=fu$=O; ~d Y=l
and for q+ co

jf+l

}

(13)

y+cl

I?rom equations (9) and (10) there results

_V_Eu+l g V

c

Eu–1 yU
–— -&f+— -2 2.”7 (14)

Use of the boundary conditions at the wall (7=0) gives the
following explicit expression for j= (a dimensionless measure
of the coolant flow through the porous wall) in terms of the
nlocity OUout of the porous wall:

(15)

13QUATIONS WITH CONSTANT PROPDRTY VALUES 575

For numerical solution of equation (11), j. is assumedto
be a constant. Use of equations (15) and (5) shows that

E.-l

this constancy dictates vmaz~. In the absence of con-
duction and radiation, a constant j. yields a constant wall
temperature (ref. 28). Only conduction along the wall, or
radiation to the wall, or both may’ lead to a variation in wall
temperature tijm is constant.

It should be noted that equations (11) and (12) can be
made identical to those employed by previous investigatcm
(refs. 11, 12, and 15) and that the inclusion of transpiration
cooling into the investigation results only in a change in one
of the boundary conditions (eq. (13)) at the wall; that is,
at q=O, j now equals j., which may be nonzero.

For the case where the heat transferred to the plate by
convection from the boundary layer is zero, a boundary
condition Y’(0) =0 is used in solution of equation (12). The
solutions are obtained by determination of the value of n
that satisfiesequation (12) when Y’(0) =0 for weh combina-
tion of the parameters considered.

FORMULASFOECBOUNDARY-LAYERTHICKNESS HEATTRANSFEFL
ANDFRICTION

From equations (9) and (10) the boundary-layer velocity
distribution is expressible as follows:

:. j’—. (16)

Use of equations (9) and (16) in the definitions of the
various boundary-layer thicknesses as given in the SYM-
BOLS yields the following dimensionless formulas for these
thickmsses:
Displacement thickness:

6*J2Z— .
J

“(l–f ‘) dq
x o

Momentum thiclmess:

Convection thickness (ref. 29, pp. 118, 119):

&Jz_ JOmj’Y dv
z

(17)

(18)

[19)

Thermal thickness (ref. 4):
@=

s
‘Y d~ (20)

x o

A balance at the wall between the heat transfer by con-
vection H(T. —T.) and the heat transfer by conduction
lc@T/@). along with equations (9) and (10) and the
definitions of i% and Re yield

ivu-=–Y’ (o)
~Re

an expremion for the dimensionkas
transfer edicient to the surface.

(21)

local cxmvective-heat-

413672-674s
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The shear stress r is given by

h
‘=P ~

A friction coficient Cl is defined as

C%%J
2

(22)

so that by use of equations (9) and (16)

an espremion for the dimensionless skin friction.

NUMERICAL CALCULATION

The numerical solutions of equations (11) and (12) were
obtained for a Prandtl number of 0.7 (appropriate for air);
streamwise pressure variations represented by values of Eu
of O, %,and 1; flow rates through the porous wall represented
by VdUeS off. of O, -~, and -1; and wd-twnperature VflIi-

ations reprwmted by valuea of n from the value corre-
sponding to a zero boundary-layer temperature graclient at
the wall to unity.

For the case of constant property values considered herein.
equations (11) and (12) are independent; consequently,
equation (11) is solved previous to solution of equation (12).
Equation (11) together with the boundary conditions,
equation (13), constitutes a nonlinear boundary:value prob-
lem with parametemjm and Eu. It was solved by an iterative
method using punched cards on the IBM Card Programmed
Calculator. Each step of the iterative method required an
estimation of f“ (0) and a subsequent integration, using
five-point formulas, of the resulting initial value probkn.
As soon as values of j and ita derivatives were considmed
correct to four decimal places, results were punched on cards
for use in the related Y problem.

Equationa (12) and (13) constitute a linear boundary-value
problem with parametem n and Eu (when Pr is fixed) and
input data j and j’. Being linear, the problem should be
solvable by combining any two independent solutions. In
practice, however, it is necessary to combine two solutions
near the final one to obtain a result valid to four decimal
places. Hence, four trials were necessary for each solution
of a Y problem.

The integration technique used for both problems is de-
scribed in detail in the appendix of reference 30 and more
concisely in appendix B of reference 31. The accuracy of
results is believed to be within one in the fourth decimal
place. (Thejsolutions obtained herein are in good agreement
with those tabulated in refs. 8, 13, 32, and 33.)

RESULTS AND DISCUSSION

The results of the calculations for each of the 29 cases in-
vestigated are presented in table I. Values ofj and its deriva-
tive and of Y and its derivative are tabulated as functions

of q;~ represents the velocity distribution, and Y, the temper-
ature distribution through the boundary layer. Table II
presents a summary of the principal results, which are ob-
tained from table I and the use of formulas (17) through (23).
For the cases where n=O, the results were taken from
references 8 and 9. Table II also gives the part number of
table I where the velocity and temperature distributions and
their derivatives are liskd. For the casea where n=O, the
distributions and their derivatives may be obtained from
reference 8.

In addition to the tables, some of the results are also pre-
sented in the form of curves. The graphical presentations
are used to indicata the influence of the various pwmnetem
on such quantities as velocity and temperature distributions,
dimensionless convection and thermal thicknesses, and heat-
transfer coef6cients. Plots of dimensionless displacemimt
and momentum thickneesea may be found in references 7
and 9.
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FIGUREl.—Velooity distribution in constant-property Iaminar Ixwndary
layer for permeable and impermeable wall.
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(Q) Wall-temperature-gradient parameter for Y’(0) =0; Prandtl
number, 0.7.

(b) WaU-temperature-gradient parameter, O.
(o) WaU-temperatur~adient parameter, 1; Prandtl number, 0.7.

I’IQUFUI2.—Temperature distribution in mnstan~property Iaminar
boundary layer for permeable and impermeable wall at variable
temperature. Flat-plate flow; Euler number, O.

BOUNDARY-LAYER PROFILES

I?igure 1, shows the velocity distribution f’ plotted aa a
function of the dimensionless-boundary-layer coordinate q
with the coolant-flow parameter fw for each of the Euler
numbers considered (Eu= O, ~, and 1). The velocity distri-
butions for EzL=o, jw=-o.75, and for Eu=l, jw=–3.1905,
and ju= —4.3346 were obtained from reference 32. The
variables q and f’ used in reference 32 were converted to
those given herein.

In figure 1, an increase in coolant flow (]fa[ increasing) is
seen to thicken the boundary layer for all Eu and also to
result in the S-shape veloci~ profile which is undesirable
from the stability viewpoint. It is noted in reference 33
that the velocity gradient at the wall becomes zero (.f’’(O)=O)
for Eu=O when jw= –1.23849. Although calculations

EQUATIONS WITH CONSTANT PROPERTY VALUES

for the f= values [that result in f“(0) =0 have not been
made for other Euler numbers, comparison of figures 1 (a),
(b), and (c) indicate that the boundary layer with pressura
gradient can t&rate much more coolant flow than a flak
plate. Calculations for Eu= 1 with f.= –4.3346 yield
velocity profiles which appear to be quite stable (have-
no inflection point) as may be seen in figure 1 (c). Indeedr
it is shown in reference 32 for stagnation-point flow (E%= 1)
that coolant emission from the wall regardless of its magni-
tude never results in a point of inflection inside the bound~
layer.

Figure 2 contains plots of the temperature profile Yagainsti
the dimensionless boundary-layer coordinate q, with fw as
parameter, for various values of the wall-temperature-
gradient parameter n for a flat-plate or zero pressure gra-
dient (Eu=o). Figure 2 (a) presents the temperature
profiles for the case with zero temperature gradient at tlm
wall, that is, Y’(0) = O. The values of n for this case vary
with the parameter f. and are indicated on the figure.

Figure 2 (b) presents the temperature distributions for tlm
various valuea of the parameter f. for the case of a constan~
wall temperature, that is, for n= O. The distributions for
a Prandtl number of unity are obtained quite simply from
the velocity distributions, since, for a constant wall tempera-
ture and a flat plate with l%= 1, equations (11) and (12)
are similar, so that for this case, Y= 1—f’. The dis-
tributions so obtained are in good agreement with those
reported in reference 28 where the velocity distributions of
reference 32 were utilized. The effect of the coolant flow j.
is similar to that shown in figure 2 (a); namely, ~m]increas-
ing forces the temperature boundary layer away from the
w-all. It is also interesting to note that, for fti=O, the
stipulation of Pr= 1 yields a larger temperature gradient
at the wall than for PT=O.7; whereas, for fa= —1.0, the
gradient is less for Pr= 1 than for Pr=O.7. As illus-
trated by the following table of —Y’(0), for Eu=O=n,
when f.= —0.5, the gradient at the wall is about the same
for both Prandti numbers:

I I 1 I

l—l I I

o 0.2927 am
.K&2 . lea

––i; .0616 .Cw6

1 1

Figure 2 (c), obtained from table I, presents curves for the
cases where n= 1.0. The increased boundmy-layer temper-
ature gradients due to the iniluence of n are apparent when
figure 2 (c) is compared with figures 2 (a) and (b). For
T.> T=, the wall temperature increases in flow direction for
positive n and decreasesfor negative n as depicted in figure 3.
These changes in the wall temperature are transmitted into
the boundary layer with a certain delay due to the heat
capacity of the boundary layer, as previously pointed out by
Schuh (ref. 12). At a location z,, the temperature Tin the
boundary layer are greater, therefore, for n>O and smaller
for n<O than for constant wall temperature n= O. This
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(o) (b) (c)

(a) n>O. (b) n=O. (o) n<O.

FIGURE3.—Tempemturea and required radiation for a permeabl:~t

plate with variable will temperature;jw=~ ~; n=fi -#
.— m

disparity may be noted quantitatively in figure 2 and
qualitatively in figure 3. Figure 3 also indicates, in a
qualitative manner, the veloci~ through the wall and the
heat required (by radiation) to vary the wall temperature
with coolant emission.

Figure 4 also shows temperature distributions in the bound-
ary layer but for stagnation-point flow (Eu= 1.0). Figure
4 (n) is for zero boundmy-layar temperature gradient at the
wrdl. Figure 4 (b) (note the different scale for the abscissa)
pre9ents results for constant will temperature for Pr= 0.7
(ref. 8) and for Pr=l.O (ref. 28). At the common curve for
both Prandtl numbers ~u=O), Y’ (0) is 0.4958 for Pr=O.7
and 0.570 for Pr=l.O. The coolant flows of —3.19o5 and
—4.3346 both resulted in a zero temperature gradient at
v=O. Figure 4 (c) shows the temperature proiiles for n= 1.
The influence of the wall-temperature variation for EIL= 1 is

similarto the infiuence for 17u= O.
Figure 4 (and fig. 2, as well) reveal that increases in l~m]

diminish the temperature gradients in the boundary layer for
all value9 of the wall-temperature-gradient parameter.
Increases in the wall-temperature gradient, however, in-
crease the boundexy-layer temperature gradkmt.

These increases in the temperature boundary layer due to
wall-temperature gradient are similar to those encountered
in the velocity boundary layer due to main-stream velocity
gradient (cf. @ 1). A positive pressure gradient forces the
velocity boundary layer into the wall; the wall-temperature
gradient (for positive n) draws the temperature boundary
layer into the w-all,redtiug in steepsr temperature profiles.
Whereas the velocity boundary layer is affected by veloci@-
gmdients in the main stream (outer edge of the boundary
layer), the temperature boundary layer is influenced not only
by the velocity gradient but also by the temperature gradient
along the wall (inner edge of the boundary layer).

HEAT-TRANSFERRZSULTS

Dimensionless local convective-heat-transfer coefficients
are presented in iigure 5. (These coefficiauts are in general
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(a) Wall-temperatuwgradient parameter for Y’(0) =0; Prandtl
number, 0.7.

(b) Wall-temperature-gradient parameter, O (constant Tvrblltemper-
ature).

(c) WaU-temperatur_ent parameter, 1; Prandtl number, 0.7

l?mmm 4.—Temperature distributions in constan&property lamirmr
boundary layer for permeable and impermeable wall at varlablo
temperature. Stagnation point flow; Euler number, 1.0.

agreement with those reported in the literature as discussed
in appendix B.) For each Euler number and coolant flow,
there is a wall-temperature variation which results in Y’ (0)=
O. These valuea of n are given by the intercepts of the
various curves with the horizontal x&. A curve to be
presented later will illustrate zero convective heat transfer
more thoroughly.

For fixed values of the Euler number and the coolant flow,
increases in the wall-temperature gradient yield increases in
the local heat-transfer coefficient. This behavior is a result
of the iucreased gradients in the temperature profiles due to
increased n and was noted in tha discussion of figure 2. In all
instances the effect of the coolant emission from the wall is to
reduce the Iocd heat-transfer coefficients. This reduction is
more marked for the fla&plate case (l?u= O) than for the flow
with velocity gradient (Eu # O). It is seen in figures 5 (a) and
(c) that, for a linear wall-temperature gradient (i. e., n= 1.0),
a coolant flow represented approximately by fu= —0.6 is
required to obtain about the same convective-heat-trrmsfor
coeilicient as for a solid wall with a constant tempemturm
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(a) Euler number, O. (b) Euler number, 0.5.

FIcwnz 5.—Conveotive heat transfer through oonstanfiproperty laminar boundary layer for
perature; Prandtl number, 0.7.

The influence of the pressure-gradient parameter Eu can
be determined from the positions of the various curves in
figure 5. It can be seen that, in general, as the Euler number
increasca from O to 1, the value of the dimensionlws local
heat-transfer coefficient iVu me increases considerably for
fixed values of the wall-temperature-gradient parameter n
and the coolankflow parameter ~m.Exceptions can be noted,
however. For an Euler number of 1 and a cooled wall
~u=–O.5 and —1.0), these curves are essentirdly the same
as the corresponding ones for Eu=O.5. This similarity
emphasizes that the primary pressure-gradient effects occur
m Eu changes from O to 0.5. The pressure gradient also
influenced the impemneablewall only slightly as Eu increaaed
from 0.6 to 1.0.

Comparison of @urea 6 (a) and (b) for ~~=0 and –0.5
reveals that the effect on the local convective-heat-transfer
coefficient of increasing the wall-temperature-gradient pa-
rameter from O ta 1 is from one and a half to twice the effect
of the pressure-gradient parameter. @’or example, for
fti=O=Eu, a change in n from O to 1 causea about a 65-
percent increase in Y’(0); for fn=O=m, a change in Eu
from O to 0.5 causes about a 40-percent increase in Y’(O).)
For the strongly cooled wall (f.= – 1), the opposite trend
is obsmved, namely, that the pressure-gradient eilecti
overshadow the effects of the wall-temperature-gradient
prmrneter. Figures 5 (b) and (c) indicate that a change in
n from O to 1 is about twice as influential as the pressure
gradient on the local heat-transfer coeilicient for an imper-
meable wall. For a cooled wall, as noted before, the pressure
gradient is not influential as Eu changes horn 0.5 to 1,
whereas an increase in wall-temperature-gradient pmameter

-LO -.6 -.2 .2 .6 m

(o) Euler number, 1.0.

permeable and impermeable walls at variable tem-

from O to 1 about doubles the value of the heat-transfer
coefficient.

Figure 6 presents plots of the ratio of the gas-to-wall
heat-transfer coefficient for a variable-wall temperature to
that for a constant wall temperature against n for the
di&rent Euler numbers with f. as parameter. These ratios
were obtained by dividing the ordinates of figure 6 for
various valuea of n by the ordinate for n= Ofor each coolant-
flow parameter and Ner number. This method of plotting
the results emphasizes the influence of a nonzero wall-
temperature gradient on the local heatitransfer coefficient.
For each Euler number, the curves represented by the
different coolantdlow rates cross at the value n= O. The
intercept of ti curve with the horizontal axis again gives
the value of n for a zero temperature gradient at the wall.

The effect of a variable wall temperature on the locaI
heat-transfer coefficient for an impermeable flat plate with
a turbulent boundary layer can be obtained by utilizing
reference 34. For the turbulent case, the ratio HJHn.o
is found to be 1.22, 1.13, and 0.86 for n of 1.0, 0.5, and —0.3,
respectively. These valuea may be compared with the
corresponding coordinates (fa= O) given in &nre 6(a) for

%the laminar oundary layer (1.64, 1.39, and 0.55, respec-
tively). This comparison indicates that a wall-temperature
variation with a turbulent boundary layer influences the
local hea&tiansfcr coefficient about one-third as much as a
dmilar variation with a laminar boundwy layer.

Dimensionless convection boundary-layer thicknesses are
plotted in figure 7 against n with ~mas parameter, for each
of the Ner numbers considered. Figures 7 (a), (b), and (c)
show &@/x for Eu=O, 0.6, and 1.0, respectively. The
effect of coolant flow is more marked for n <0 than for n>O.



580 REPORT 122*N-H’IONM ADVISORY CO~ FOR ADRONAUTTCS

{m.
(/Y)/j=(J

:.-T;,

2.0

1.6

1.2

.8

.4

I b 1 I I

kHlliil
I
(a)

n
%6 -2 .2 .6 Lo -Lo -.6 -2 .2 .6 1.0-LO -.6 -.2 .2 .6 1.0

M1l-tempemture-gmdient pommeter, n

(a) Euler number, O. (b) Euler number, 0.5. (c) Euler number, 1.0.

)?mcnm 6.—Effeet of variable wall temperature on local convective-heat-tider coeffkient for laminar boundary layer; Prandtl number, 0.7.

2.0

\ \ \ \

\
16 i \

[ \ l\ Cnolmt flew
\ j

& \

8c&
x 1.2

.8

.4 ~ -9 .9 G

1 I

5 lull I I I I I I I I I I
.-. I I

, 1.0 -LO 6 2 2 .6 1.0 -LO -.6 -.2 .2 .6 [0-.=— .- .- . .-
Wall--;emperaie-gradht parameter, n .

(a) Euler number, O. . (b) Euler number, 0.5. “ (o) Euler number, 1.0.

l?mmm 7.-Convection thickness of conat+mtiproperty laminar boundary layer for permeable and impermeable walla at variable tempomtum; ,
Prandti number, 0.7.

In fact, for Eu=O @g. 7(a)), when n=l, there are only
slight differences in the convection thickness for the different
coolant flom. For all Euler numbers and coolant flows, an
incrense in the wall-temperature gradient re@ts in a de-
crease in the convection thiclmess. This behavior is due to
the influence of the wall-temperature gradient on the
boundary-layer temperature profile. Thus, from figures 2
and 4, an increase in n results in a smaller Y for a given ~,
Eu, and f., which is reflected in the convection thickness,
since

@= b=‘ Ydq
4 Jo ,

The dimensionless &e.&al boundary-layer thicknesses
presented in figure 8 indicate trends similar tit those found

for the convection thickness; increasea in n result in decreasea
in the thermal thiclmrxw. For given values of the parameters
t~, n, and Eu, the thermal boundary-layer thicknw is
greater than the convection thiclmess. This is to be ex-
pected since

whereas the convection thickness is tempered by the velocity
profile as noted in the preceding equation.

It has already been pointed out that the intercepts of the
varioua curves with the horizontal axea in figures 5 and 6
‘give the valuea of n for which there is a zero tempemture
gradient at the wall. Figure 9 presents this tie infornm-
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tion in fLmore compact form. The value n is plotted against

the Euler number with the coolant-flow rate sa parameter.
The values for ~u=O have been presented by Levy (ref. 15).
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at the wall to zero when coolant flow is emitted than for the
impermeable plate. Because of the larger local heatitransfer
coefficient for increased Euler number, a larger Inlis needed

The increase in-n for inoressing-l-f.l indicat~ that a small& I to reduce the temperature madient at the;~ ~o zero for-..—,
wall-temperature gradient is needed to
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SUMMARY OF RESULTS

Nuinerical solutions of the ltiar-boundary-layer equa-
tions were obtained for a porous wall with a variable tem-
perature and a pressure gradient. The assumptions utilized
were constanbproperty values, negligible temperature
changes caused by compr-on and frictional heating com-
pared with the difference between the wall and the main-
stream temperature, constant pressure and wall-temperature-
gradient parameters, and a Prandtl number of 0.7. Tabula-
tion was made of the velocity and temperature distributions,
their derivatives, and dimensionless forms of the heat-
transfer and friction coefficient and boundary-layer thick-
ne.s9es.

A summary of the results of this investigation follows:
1. The temperature distributions indicated that increased

temperature gradients throughout the boundary layer re-
sulted from increases in the wall-temperature-gradient pa-
rameti. Correspondingly, the local heatitransfer coeffi-
cients also increased.

2. Coolan&flow emission acted in a fashion similar to re-
ducing the wall-temperature gradient, that is, increasing the
coolant flow decreased the local convective-heat-transfer
coefficient. In order to obtain about the same local heab
transfer coefficient for a linear wall-temperature variation aa
for an impermeable wall with constant temperature, it waa
necessary to supply a coolant flow represented by ~u= —0.6.

3. Wall-temperature variations that result in zero-bound-
ary-layer temperature gradient at the wall were obtained.
As the pressure gradient was increased, larger wall-tempera-
ture variation was required to obtain n zero temperature
gradient at the wall. Flow through the porous WVUreduced
the w-all-temperature variation needed to yield a zero tem-
perature gradient for all prmsure gradients

LEWIS FLIGHTPROPULSIONLABORATORY
NATIONALADVISORYCOMiMI~DEFORAERONAUTICS

CLEVELMm,OHIO,J@y 16,1964

APPENDIX A

ALLOWABLE MAGNITUDE FOR WALL-TEMPERATURE VARIATION

It is noted in reference 14 and also in the discussion of ~<+>
reference 19 that equation (3) is valid when 6/x<<l and –6

(A2)

a

(7
< (Zu;T) (Al)

For the flow of air, Be is of the order of 104away from the
z .– stagnation point. Thus, n may be quite high rmd stilI

allow equation (3), which neglects the effect of conduction
By use of equation (7) and i$/=6/we equation (Al) becomes within the fluid in the streamwise direction, to be used.

APPENDIX B

COMPARISON OF PRESENT RESULTS WITH RESULTS FROM PREVIOUS INVESTIGATIONS

The following table shows values of the negative of the
boundary-layer-temperature gradient (local heat-transfer
coefficient) at the impermeable -mallfor the present results
and the results previously reported in the literature for
Pr=O.7. For each investigation, the relation between
—Y’ (0) and the notation employed in the reference is given.

[–r (o)fcrf.-oana Pr-o.fi

t

Eu n

o 0
i!

Lo -.5
0
i;

–r (0).

POhl-

Wm

L!2W3
.-. —.
—----
-----
--.-—
------
——. -

p&t

a2s27
--—--
-——-
-...-.
.4959

-.-.--
-—.—

&hub (ref. 12)

am
------ —------

:3%
.4!M

----——.-----
.m

JAW-y(ref. 1s)

f %4

.4770
-.. . ---- —-.-.-—

.4879

:%%

PrEamIt

●ObtaIned$mmreL.S.

Emunimtion of the table reveals a check for Eu=O, n=O
between the present results and those reported by Pohl-
hausen, Eckert, and Schuh. At Eu= 1 and n=O, the present

results are in agreement with those presented by Eckert and
Schuh. As already pointed out by Levy (ref. 15), his
results are subjected to an error of the order of 1 to 2 percent.
If the present results are assumed correct, this small error is
seen to hold true for n= Owith both the flat-plate and stag-
nation-point flow. For n# O, there is better agreement
between Levy’s results and the present results.

Levy (ref. 15) also noted the validity of Schuh’s results
(ref. 12) for stagnation-point flow and the discrepancy for
flat-plate flow with a variable wall temperature. The
validi@ for Eu= 1 and Eu=O, n= O,as well as the discrepancy
for Eu=O, n= 1 is apparent from the table.
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TABLE I.—VELOCITY AND TEMPERATURE DISTRIBUTIONS FOR WEDGE FLOW WITH A VARIABLE TEMPERATURJI
ALONG THE POROUS WALL
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. Olm

.0127

:%!

.mss

.W

.W20

.m

.am

------
..----
------
--....
------
------
------
------
-.-.. .

(3)

n=l.o

d,&=o.4m

r

ala=,=
z

Y

LCIXQ
.W42
.8102
. nw
.Im7

. MM

.4762

.4074

.34s2

.2SS

.2WJ

. Km

.1617

:E

.aw6

.0648

.Ma3

.W86

.02e4

. Ozal

.0166

.0122

:Ra

. c047

.m

.(W4

. MU7

. m12

.m

.Wo7

:%’!
.Wo4

.0333

.m

.Cm3

.Wo2
------

. . . . . .
-----
------
. . . . . .
. . ..-.

. -----
------
. . . ..-

Y

-0. 4W3
–. 47b9
-. 4e3s
-.4445
–. 4201

–. 3918
–. 250.5
-. m
-.2940
–. 2337

–. 2223
-.1976
–. lm
-.1423
-.1194

-. M@3
–. W3
–. &Mo
–. 0318
–. 0409

–. W19
-.0246
–.01s
-.0141
-.0106

–. W77
–. C4153
-. mm
-. m
–. m

-. IM14
–. Cw9
-. am
-. m
-. m

-. ml
.m
.m
.m

--------

--------
........
........
...-----
.---.---

Y“

0
.0431
.07a3
. low
.1323

. MW

.1613

. m

. nsl

.1649

. lwl

. 14Ea

. 137U

.1242

.1107

.0a71

.M3u

.0714
;=

.040K

.0327

.0z130

.0w4

.0168

. 0E41

.m

.Cm8

. Lm61
,@xn

.Wa3

.Q319

. CD18

:E

.m

:%%
. ml

. . . ..-

. -----

.- ..-.

. . . . . .

. . . . . .
-- . . . .

. . . . . .

. . . . . .

. . . ..-
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TABLE I.—Continued. VELOCITY AND TEMPERATURE DISTRIBUTIONS FOR WEDGE FLOW WITH A VARIABLE
TEMPERATURE ALONG THE POROUS WALL

1
p

-o. m
–. 49W
–. 4$m
–. 4WJ
–. 4’s30

–. 4748
–. 4m9
–. 4612
–. 4237
–. 4m

Y

L~
.94F8
.8919
.84S6
.7W

]flr I J-” Y

L@Xd
.WJ9
.m

:%%

=--b- Y’

*. .5&

–. m7
–. 6200
–. 6210

r’ Y Y

o
.1
.1

::

.5

.6
j

.9

LO
L1
1.2
1.3
L4

L6
L6
L7
L8
L9

10
21
2.2
13
24

2.6
2.6
2.7
28
29

3.0
3.1
3.2
.?.3
3.4

3,6
3.6
3.7
X8
3.9

4.0
4.1
4.2
4.3
4.4

4.5
4.6
4.7
4.8
4.9

&o
&1
6.2
h3
6.4

&s
h6
h7
h8
&9

&o
6,1
6,2
IL3
&4

::
6.7
6.8
139
7.0

0 0
. @37b .W144
.0173 . lm
.O?Sz .2476
.0%7 . ml

.1021 .3879

.1441 .L5ml

.1921 .m

.24CB .6m2

. ?X46 .6E23

. 6s41
$$ .ecw

..!S4 :%

.66in . EOlo

.7436

. W76 :%%

.9133 .8737
1.0022
LW43 :%

: y.&6

.13x11

.7607

.7010

.6540

.miu

.6612

.61CS

.4740

.432%

.3834

:%
.!W3

.2S32

. !W4

:?%
. 162!3

.1228

. llm

.Wm

.W

. on7

.Cw6

.05)7

:%%
.Ofas

.022a

.0192

.0166

. 0L26

.W

.M7’9
:~

.W38

.CKGo

.Cu23

. mm

. W14

. Wlo

.m

o 0
–. Co23 –. w
–. ml –. Cfi91
–. Oaxl –. I!Z13
–. (B4S –. lea

o
.Om

:%
. M-m

L~
.9M
.3733
. fun
. 76KI

–cl mw
–. mm
–. 6236
–. 61cQ
–. ml

o

:%
.1623
.M2

.8WJ

: i%
.934s
.9610

–. ml –. lWI
–. 0746 –. 2274
–. CmM –. mo
–. E4M –. m92
–. 1E22 –. 2X16

.7346

.6344

.63457

.Ea6

.6433

–. m
–. 4W8
–. 4794
–.4626
–. 4443

–. 4293
–.4X9
–. ml
–. 3623
–. 3414

:Mi’
.1617
.1767
.1876

.Fa93

.5374

.6sS7

.Sn6

.4342

–. 6727
–. 6406
–. 6243
–. 4976
–. 41W3

. !4m

.X23

. ‘2610

.2742

.m

–. 4030 .9344
–. $24 .9149
–. 3942 .S9m
–. 3433 .8573
–. 3X8 .W04

–. ‘x9 .S3w
–. 2770 .77F3
–. m .7416
–. 2341 :=
–. 21!F4

–. 1923 .62W
–. 1723
–. m %%
–. lWS . 61c3
–. nw . 4n6

–. Em –. ‘aiQ
–. na6 –. %79
–. 2391 –. %17
–. 2353 –. XzM
–. %317 –. 2616

–. 3167 –. 2236
~. –. m

–. 1636
–. 3nl –. 1242
–. 3323 –. w

–. 3W9 –. cm9
–. 3QM –. 0247
–. 3967 .0116
:. ~ .Wr2

.07%5

. 46%3

.m

. 41S3

.3316

.WS

.1973

. a-m

.2106

.2140

.2167

.2L66

.2133

.2106

.!2067

. 1M17

.1926

.1846

. 17EII

. 1M2

. M83

As&

.Wr4

. 3B3

.2352

–. 411
–. 41z3
–. 3S6
–. 3662
–. 3274

–. XQs
–. 2746
–. w
–. 22S3
–. m42

–. U94
–. le40
–. 1461
–. 12R3
–. 1144

–. Km
–. ml
–. mw
–. 0937
–. as76

. m4

.=

.2S33

. !BIO

.27J7

. 3Kl
:~

.’m$

.m22

.1796
; ;hSJ

.1230

.1076

%
.0iu3
.63W
.0618

–. S1B3
–. m
–. m
–. 2.%3
–. ZM3

–. 2164
–. 1976
–. 1796
–. 1624
–. 14F3

.!2E3

.22m

. MS

. 17m

. lm

.1342

. lles

.1013

:%

. W6

.W2

. 0m3

.Cc3m

.Uw

.2544

.2536

.2416
:ZJ3.J

.m

:%
. Im
.1447

.1316

.1139

. 107U

.W67

.C@m

1. IF31
L nta
1.3710
1.4661
LW21

W&

.9466

.9657

.W36

–. 3i7!2 .1078
–. W51 .1337

.1667
–:% .1739
–. 31t0 .E40

L 66% .9701
I. 7ml ; &f@
Ls@a
L 9S21 .W41
20@7 .W73

–. 1048
–. m
–. 07’@3
–. 0670
–. 0670

.432s

.3962

.3W

.m

.Z237

–. 1312
–. un
–. 10!0
–. mm
–. @lo

a 1496
2.24W
z 347’9
‘2.4474
z 647U

ae4@8
27464
28462
29461
3.04@

.’W’3

.W20

.Wa9

.s%2

.W

.W72

.m

.0234

.C@33

.9s92

–. 0481 .2631
–. C4u3 .2344
–. Cm5 .2n78
–. 0.277 .18?a
–. 0227 .1037

–. o166 .1402
–. 0146 .1217
–. Olm .1061
–. m
–. m :%

–. m . ml
–. 2705 .m43
–. MEt3 :g
–. 2362
–. 2147 .2033

.0442
; gg

.02m

.02m

–. Ono
–. me
–. 0s97
:$&

.W64

. ml

.07i3

.m

. CM12

:@
.0163
. cow

–. 0400
–. 6i25
–. ma
–. m
–. 0233

–. O!m
–. o134
-. 01s
–. 0127
–. lm

.0766

.@

.0m4

.0610

.0442

–. 1M7 .19n
–. 1764 .1891
–. 1670 . 17Q5
–. Rx! . Iw
–. 1233 .1657

–. lm .1446
–. QJ44 .1316
–. Ct413 .1192
-.0706 . 107Q
–. 6S34 .C9&3

.01s3

.0167

.0130
; o&m

:%%
.W
.W#
. Cm31

–. CB42
–. 0291
–. 0247
–. 0m3
–. 0176

.Wo

. 0!74
.0414
.O?m
. mlo

.0m8

.0227

. 01E9

. Olea

.0137

.0111

. ml

. m74

.m

. W49

:~

.W2.5

.Wm

. mu

3. 14E4
3. 24E4

t=
3. 64.EI

–. mm
–. mm
–. Cm3
–. m
–. m

.Wm

.06M

.0467

. owl

. CG26

–. 0146
–. o121
–. Olcm
–. m
–. w%

–. W-7
–. con
–. 0)33
–. CW7
–. m

3. 64La 1. ml
3. 74m L ml
%84E4 L~
3. 94E4 1.C032
4. CM@ LW12

.m

%J
.Cm2

.-- . . .

. . ..-.

. . ----

. . . ..-

.- . ..-

------
. . ..-.
-. .-. .
------
------

-. .-. .
------
------
-.----
. . ----

------
---—-
----.-
-.----
------
------

–. @l16 .m70
–. m12 .m
–. m . 0E3
–. C037 .0149
–. w . Ol!n

–. cm4 ;%
–. OMJ
–. 0%33 .W3
–. m .Cw3
–. 0254 . we!

:%%
.11216
. mlla
. Wlo

–. W4
–. m44
–. m4
–. mm
–. am

.0112

.CQ33

. m74

.Cwx2

.W43

. U112

.Clma

.UM7

:%!

–. m
–. m24
–. ms
–. 0)16
–. ml

.m

.m54

.0342

.Cc34

.mz3

.CI?a9

.mn

.Cm3

.Com

.W40

–. 6-210 .2403
–. Oln . 0W5
–. Olu
–. 0U6 %J
–. m

.W33

.mm

:%3
.W

–. am
–. ma
–. m12
–. w
–. UxM

.W2

. ml

.m

. am

. m14

.m

.Cw2

. ml

. ml

.m

–. mlo
–. m
–. m
–. m
–. Cm3’3

.m3

. me

. IX116

.COm

.CcQ7

..----
------
......
..----
.....-

------
......
......
------
......

.....-

.-----
------
------
------
-. ..-.
------
------
------
--....
.---.-
------
---.--
------
......
--.---
------
-.-.--
------
------
-----

.0332

.0326

.Cnm

. m16

. c013

–. Cm5 . OM3
–. Cm30 : f#fi
–. Cc48
–. m . ml
–. O?xl .W72

.m

.m

.OxB

.m2

.am

–. mo4
–. mm
–. Cw2
–. Oxu
–. ml

. Ixlll

.m

.C037

.m

.W4

.Cml

.CBxm

.aol

.am

–. m
–. m
–. ml
–. ml

.m
mxl’&

.0m2

.-.-.- -....-
.....-
-.--.-
------
------

..----

......

....-.

....-.
.COlo
.m
.m
.WS
.Cm4

.Ix03

.m

.KE3

.CKc3

.axu

.m

–. m24 .CBMu
–.m19 .0)48
–. W16
–. Wll ;EJ
–. m

.m2 –. ml .m.....-
.....-
. ....-
------

--....
------
-...-.
......
------

------
------
.-----

.-------
--------
---.-..-

------
------
......

--.-.-
.-----

--------
------.-

----.-
------...... I

–. 0m3
–. m
–. am
–. am
–. am
-.0332

.0316

. cm13

. Wlo

.C037

:%

......

.-.-. .
------
-.—--
-.-. —

------
------
......
...-.
------

---—. -—....-
.—-----
--------
-.----.-

--------
---.-..-

------ .-.-. .
--------
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TABLE I.-Continual. VELOCITY ~TD TEMPERATURE DISTRIBUTIONS FOR WEDGE FLOW
TEMPERATURE ALONG THE POROUS WALL

A

J.-o-q m-lo

(-n ! (8) (9) (lo)

a+ 13#7 ta—-LO n=-O.5 !?-0. 5 u-Lo

z
v @kL ~ ~=-o. gl~ Jkl!z-a ml ?QEo. ml

@E-& ~ z z z r

z
ami ~ 0175 %!%. m Z2!ZLosol ?@Lo. ~

z z z z

1 r r* r“ Y Y’ Y’ Y Y Y“ Y P y,, Y Y’ yl,

o 0 0 12328 –L ~ 1~ o LC#O -+= o 10300 –o. 6169 0 1.m -o. m o

.1 .CWo . IE3 L 13ZS –. m .SWa ~~ :. asz% –. m –. 61?S .0414

.2 .0223 .zao := ~g ;g
-, mill .07ul

–. IE31
.3

:Z –. 3202
. Wlo

–. Oe$S :%% –. ?078 ;g %% -. 0w4 ,1470
–. 035$ –. 2255 . ‘#m

.4 . ml
–. 23s3

:= .84!33
–. Qx!5 . Slm

–. 9027 .8316
–. 6US0

–. W1.1 –. 2%9 .S372
–. 0767 ;%

–. 3481 –. 1043 .7670 –. m . 14M :% –. 0s29

.s . Im .4047 . 7@3 ‘–. W := –. mm

.6
–. m . Wle –. &W –. llofl . ml –. ’53m .1744 .60a3 -. 02w

.1837 ;= –. Er164 –. 12n –. S391 .7%54 –. 3oea –. lm
%%

–. b502 . 1W3 .66$2 :%

.7 .24e4

-.6969
–. m .9.5%5 –. 1556 –. 3340 .7679 –. 38a5 –. 1014 :%% –. ‘5231

.8

. !M4 .6411
. W24 .0%9

–. E4u2
–. &m5 .9W3 –. m –. 40$3 . nw

:s
–. m –. c@74 .6S34 –. ml ;WJ :Z

.0 .S35 .7351 –. mm .9173 –. ‘x@
-. 62%9

–. 4069 .I?$lll –. 3978 –. CWl .4S93 –. 4813 :% -. 4!336 .3W0

Lo ;g .7779 ;= –. m –. m –. Smo .6S9
.8149

–. 4m6
:E

–. 0446 := –. 4662 . ‘2?07 .357U –. 4677

:: XcZ# .W87
–. 5209 –. 3246 –. 28s2 .mm –. 4033 –: gll –. 42XI .34WI -.4220 :E
–. 40@ .ss254 –. 36m –. ?329 .6S?3

.872S
–. 4m9

:ER –. 434
–. 4033 :% .WM -. 3W

:%%
i: .7!%7 .EW.8

.7ES –. 3W7 –. m –. 4043 . 04m
. 2H0

–. 3722 .B17 .2W
–. 3&38 .7479 –. urn

–. 3626
–. 2X39

:%%
:%% –. 3W .0722 .2822 –. 3440 .2!304 .235TI -.3103 ,3243

.9102 .1770
H

–. 3170 .m51
:% .9324

–. 43m –. 1WC7 –. 33X4 .1010 . 24m
.1474 :%%

–. 3102 . 27&3 .!-ma
–. m .0@5 –. ltna

-.2577 .3UM
–. Im6 –. m . lZW . 2W –. ZB9 .a3uo .1764

17 L0737 .945s .1218 –. m .0147 –. 4o19
–. 2677 .2912

–. mm .313xl –. 3942 .1625 .1914 –. !2?23 .mo6 .1511

L 1639 := :~

-. m
–. mls .66S

:: 1. Z3m
–.@ –: ~ –. 3477 .1749 .1094 -. m .249.5 .1291

–. lml . 53W –. 4621
–. 2n12

:%$?
:%

–. m .1924 .1440 –. 2126 .!2288 .1104 –. 17W3 .m

%0 L2&Zl . 9?33 .Oe@ –. 1425 .4701 –. 45S3 . 1M2 .2315 –. m04 .2359 . 1?39 –. 1s%5 .2223

21 L4WI := := –. U84 .4313 –. 4403
–. K&l

.1460
.2131

.2316 –. !zW .Zm2 ‘ . Ic@l –. lm :~ :%%
22 1.6678

-.1243 . la
–. @am .= –.4231 . lwl .21SM –. m .ZU4 –. 147?2 .W3

23 ~. ;= :~ –. m :$%
–.1179 .1742

–. 4020 .!2XC3 .1% –. 2443 .2217 –. 1236 . 171M .0653 -.1014

24 –. 0045 :%%
. 1M8

–. 3781 .25U . lbw –. m . Zlw .0343 –. Ua3 . I&n .0469 -. @417 .1334

26 L864S .s929 .0m3 –. lM17 .2713 –. 3S21
.6$47

. ma –. m .2133
.0157

–. C973 .1451 .m -.0737 . l!EO
–. C4r2 .2376 –. 3247 :%$

M 1+%
.1143 –. 17W

. ml
.Zn-43

. Olm
:E –. 08w . lm .a312 -. W23 . 1CK18

–. 0w4 .!23$4 –. XMo := := –. 169s . Iwl .m –. 0713 .1164 .0254
28 2 ml .W71 .0231 –. 0254 . lm –. msl

–. 0623
–. 14@3 .lmll .0306 –. C@M .1018 .0227 -.0430 :Rl?2

19 22628 .Wm .W19 –. 01’w .16fB –. 2407 .2E9 .W97 –. W . 1!395 .G740 –. 0604 .m .0107 -. Wo2 .M!m

2.2327 .9c@d . MMl –. Olm .1301 –. 2139 . x14 := –. 1047 . lW .O!m-a –. CwA3 .0n3
H

.0134
24625 .Wm .W33 –. 0115 . mm –.lw .2407 –. 0919 .1469 .0183

-. 02s3 .06a9
–. m .0107

2.6624 .W3 :g

–. 0245

M 20524 .6WS
–. m :%! .B36

.0496
–. 1!347 .!ZZW .033s –. 07%5 . Im . Onl –. 02?33 -.0199

–.W34 :% –. 1427
. M16

&4 27623 .Wa7
. 2U0 .03m

. M15
–. OofM .U23 .0104 –. OzUo . CKW7 -.0161

:% .C062
. CB40

-.0048 .Ce8 –. E23 .1916 .0235 –. 0581 .0%7 .0cE3 –. Olw –. 0130 .0224

3.5 .W .0011 –.03%5 := –. 1044
3-0 HR

.1717
.W13

; pm –. 0439
–. W2d

.WJ3 :~ –. 0169 .Wo -.0104 .Oz.5
:W!

K? 3.W23 $=
–. C&S . ISB –. KSs .0743 –. 0129 .0232 -. m .0102

–. mls .0348 –. m .1336
3.8 :%

.0125 –. 0319 .OoM :~ –. Oloa :~ .W24
& 1023

-. CBx16 . OIEJJ
–. @N3 .C&m –. QeJs . ml .0104 –. m .a539 –. mm : fij:

X9 3.!2S23 L CBKII .WM3
-.0061 .0125

–. m .0224 –. &m7 .m .00E3 –. 02u .0462 .cmxz3 –. W94 .0164 -. m40 . Olal

4.0 3.3623 L ml .m –. m . Olm –. 0415 .&349 .0m4
4.1

—. oM3 .0317 –. m49 . Om . Cm)lo -. m , CW7
:%$!

4.2 . H??-. _:?_. - . ..–!-- - --:--!!’! !..
.0140 –. 0337 .0710 –. 0123 . M13 –. m
. Ouo

.Wo7 -. m
M$J

. COJl
–. 0271 XtWJ –. mm .6-ZM –. W27 :%%

4.3 . . . . . . . ---- ----—-- - ---------- ---------- m –. 021? –. COsl
-, W1O .0044

. Olw
4.4 . ---------- ---------- ---------- ----------- .Uoo7

:E -. am .OW :E
–. 0172 .0405

–. CHM3 ,Oam
. W9 –. 0a59 .0147 .fMc!-4 –.0316 .W .m -. m ,W26

4.5 . -------- - –-----– - ------–- - ----------- –. 0130 :% . C4M4 –. m
4.6 - ---------- . . . . . . ---- -------- - ----------- BE

.0134 .0m3
–. 0100

-. cm4 .CKr.s . Wol
.0m9

–. Dls .W23
–. cum

4.7 . . ------- - ---------- ---------- --------- . Cm31
.W.4 :~ –. 0333 .W21 . ml

~.
-.W . W1!4

.0211 .C@M –. m .CU4 –. (Kn4 . call
4.8 . -------- . ---------- --------- —–----–- .W24 . 016B –.IM12

-. W!4 .m
.m

4.9 . ---------- -------- - ---------- --------–- . W18
–. W32 .m :E

–. W4s
–. ml .OMQ

. OISJ :% –. Wm :E .m –. 0301 .Cn34 .Oooo -. ml ,rmz

:: - ---------- -------- - -------- - ----------- . c014 –. mm .0100 .0m2 –. m7 . (KIM .Wm –. ml .m .m
. mu

.CrW . ml

. . . . . . . . . . - . . . . . . ..- - --------- - -- —— ----- –. m . M170 .ml –. CW4 . W13
6.2 . . . . . . . ..-. ---------- -------- - ---------- m

–. ml .W2 .m .Oooo . ml
–. COm ;~ . ml –. w .Cml :%%

h3 . . . . . . . ..-. ---------- ---------- ----------- :g
–. ml := .m . ml

–. cBJ16 .CWoo –. m
&4 . ---------- ------–- - –----–- - -----------

m .m :M
–. m .Mtza .m –. m .W13 .Cuw :%% .Cuol . . .:!!! !... . ------------ .:!?!!..

ha . . . . . . . . ..- ------–. - ---------- ---------- .0m6 –. m .m .OrUM .CIOl . ml .m .W
&o - ---------- ---------- -------- ---–---–- .Cmu –. m

.m -. . . . . . . . . . . . . . . . . . . . . . . --------

&7 . . . . . . . ..-. ---------- -------- - ----------
.alu . -------- -- ------------ ---------- ---------- ------------ ---------- . . . ..-.. -. ---------- -- --------

–. con .W1 .- ---------- . ----------- ---------- ---------- ------------ ---------- -------- -- ------------ --------
6.8 . –....... - ---------- ---------- ----------- :%% –. 0M3
lL9 . ---------- -------- - --------- ----------- .0M4

.WS3 -- ---------- ------------ ---------- ---------- ------------ ---------- ---------- . . . . . . . ----- . . . . . . . .
–. m

0.0 - ---------- -------- - ---—---- ----------- .@x!4
.Ca4 . . ---------- ------------ ---------- ---------- ----------- -------- -- . . . . . . . . . . ---------- -- --------

–. W)2 .Wo-4 -- ---------- ------------ ---------- ---------- ------------ ---------- ---------- . . . . . . . . . . . . --------

.
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TABLE I.-Continued. VELOCITY AND TEMPERAT~E DISTRIBUTIONS FOR WEDGE FLOW WITH A VARIABLE
TEMPERATURE ALONG THE POROUS WALL ‘–

f==-o~ Eu=o.o

—.
f’ r’ f,,

.—
0.0411

:E
. 6i47
.0442

.0427

. 04M

. a257

.C@oo

.02M

.0135

-: %%
-.0Z70
-.0340

-. C409
-. Mm
-. CK’w
-. 07%’
-. asal

-. m
-. Eva
-. 0S32
-. MO
-.0779

-.0703
-. C618
-. 053Tl
-.0443
-.0232

-. &
-.0224
-. olm
-. ola3
-. C#.a

–. !S
–. m46
–. 0031
–. 60%3
–. CD113

–. 6oa3
–. M&5
–.m
–. CW2
-.CWI

------
--.-.-
..----
.-----
------
. . . . . .

Y

Lom
.fws
.&al
.m
.7?35

:%
.5404
.4fw
.4244

.3717

.3223

.m

.2372

.2037

. lm

.1399

. ml

.(KQB

.0759

:%

.0m3

.OZm

.0172

. Oma

.0387

.0071

.6T52

.Um

.0027

. al19

. al13

.Ww

.6XH

.CKul

:Z
.0301

. ml

:M
.O@m
.Cwm

.OMo
------
-----
------
------
------

Y

LOQ30
LWEI
.W%3
.Swd
.WZ2

.9924

.W.135

:E%’
.Q517

. $?31

.9102

.&ml

.2318

.8152

.7747

.m

.O.sZ3

.6317

.6793

.5262

.4713

.4182

.W7

. 317T

. m9

.!22%3

.1917

.1579

. 1%4

. 1a30

.0315

.m

.6490

.m

.0z79

.02m

. Olm

. olm

.mm

.m52

.IxM

.m24

. U016

. IIIlo

.W

.Om.3

. owl

.m

.mm

.(B330

Y’

o
-. 0M7
-. m34
-. OW
-.0149

-. 023s
-. w
-. Mm
-. 06s3
-. @au

-.1035
-.1249
-.1472
-. 10s3
-.1919

-.2127
-.2318
-. 24m
-.2591
-. 266s

-. m
-. W.5
-. ma
-.2617.
-.2375

–. !Z02
–. !2mo
–. 17%3
–. 1594
–. 1372

–. nrn
-. owl
-. Mn9
–.0067
-. a525

–. 6413
–. mm
–. 0244
–. 01E3
–. OEM

–. OGW
–. Om
–.W.2
–. Wc.5
–. m24

~ p!

–. 0307
–. 0o04
–. 6003
–. ml

r’

o
-. ml
–. 0185
-. OZxl
-.0389

-.0613
-. U531
-.0746
-. W57
-. m

-. Im
-.1089
-. llm
-.1134
-. lom

-. CFw3
-.c@35
-. Ckwa
-.0496
-.0270

-: IJJ4

.0423

.M25

.07w

.0$27

.1016

. 1W3

. 1M9

.1040

.0w3

.m

. Oml

. Onl

.0304

. IM12

. C411

.@340

.0%6

.0210

. OIIM

. Olm

:~

.m

.0022

. W15

. Quo

.5337

.CBM4

Y Y’ Y“ Y’ Y“

o

::
.6
.8

1.0
1.2
L4
L6
L8

20
22
24
20
28

3.0
3.!2
3.4
16
3.8

4.0
L1
4.4
4.6
AS

5.0

H
6.6
h8

6,0
&a

U
0.8

7.0
7.2

M
7..9

&o
&2
a4
&6
&8

9.0
9.2
9.4
9.6

IN

-o. m
–. 4037
-. 4%04
-. M&9
–. 4437

-. 41CM3
–. 3091
–. 3190
–. 2596
-.1916

-. lma
–. Omo

:%!
.!2J30

.4183

:E!
.8464

L W47

1. IOE3
1.3409
1.5176
LOWI
L3R3

2.0722

;%%
26519
z64&3

3.0469
3.2440
3.44m
3.0419
& 8414

4.0414
&x@
44407
40403
A84n5

&6406
&2465
h4405
ho466
E.8466

. . . -----
--------
-..-.---
.. —...-
--------
--------

0
.0297
.0681
. Kta4
.1454

.1802

.2257

.2727

. 3m

.3849

.4126

.4mo

.bwS

:%%

.6405

.Om

.7348

.7735

. ml

.8412

.e8m

:%%
.0345

:%
.m5
.0791
.W4

:=

:%
.Wa7s

.WS6

. SQaI

.Wu5

:%

ill%
l.lxtoo
LCUWI
l.m

0.1045
.1729
.1816
. lW.5
. 1W5

.%E2

. 21&5

. ml

.2367

.2359

.2390

.2413

.24U3

.237s

.=

.2242

. 21M

.2007

.1858

.1094

. Mm

.1341

. lma

.CWo

.(K27

.Oom

.0a40

.043a

.a334

.0234

. 01E9

.0133

.WJa

.W9

.W

.;%

.m

.Cm5

.mo3

.Ix02

.0001

. (001

.m

L6@M
.fWa
. m4
.Sa3
.7203

.7243

.W4

.6131

.Uma

.W2

. 4s5s

.4W6

.3Wa

.3177

.2775

:%
.1759
. 14a5
.1242

.1029

. &Mu

.63%

.a552

.0400

.0347

.Om

.0m9

. 01E4

. Olm

:%%’
.Cu!-4a
.MIM
.W45

.6018

.0012

.COm

.CW3

.CcQ4

.0m3

.0m2

. ml

. ml

.Cmo

.W

.IxOo

:Wl

-o. ‘mm
–. %05
–. 2757
–. 2793
–. 2315

–. m
–. 2785
–. 2740
–. 2374
–. !2f@

–. !2483
–. m
–. !2233
–. ‘xtE3
–. 19W

–. 177’5
–. 1613
–. 1451
–. 1!291
–. 112s

–. 0991
–. @Ma
–. 0729
–. W14
–. 0512

–. 6421
–. m43
–. 0270
–. 0219
–. 0172

–. 0134
–. ola3
–. m
–. mm
–. W43

–. ml
–. m
–. 0016
–. ml
–. m

–. C9m5
–. W04
–. 6002
–. m
–. Ooo1

–. CWU
.Cmo
.CkxBI
.m

-0.0457
-. mo7
–. 0253
–. 0147
–.MM6

.C03s

.0176

.02m

.asm

.6473

.OMs

.0m4

. Mm

. 074s

. Omu

.Ccm3

. CE38

:%%?
.0752

-0.3211
–. m
–. 2sss
–. 2s06
–. 3342

-y&

-. Olal

:%

:E
. oml
.Um7
. Wol

:E
.1043
. 16!4
. 1W6

.W$

.@

:%%
. O?zl

. CKUl

. Ct.ol

.04s4

.6U2

.CFAo

.0287

.ma

. 01S9

.0151

.0119

.OoW

$%
.m40
.OoM

.0m2

.0016

.Imll

:E

.m

:%%
. ml
.0001

.C#o
--------
-.. —.-.
-----—
-------.

–. 3272
–. 317%
–. 2J3S3
–. 23?3
–. m

-. X44
–. 2345
–. 2R3
–. lwa
–. lml

–. lam
—. 1323
–. 1147
–. OwJl
–. @Z3

.0m9

:%%

:&#

–. Cf23a
–. am
-. M-7
–. Cm7
–. m

.6421

:%

:%

–. 023s
–. Olm
–.0144
–. 0110
–. Wts3

.0174

. Oma

.0110

.m

.CQM

.m

.OW1

.6023

:$%?

–. CQo2
–. 0040
–. 0034
–. Uo24
–. U017

–.Cmr2
–. mm
–. 60M
–. m
–. m

.Wlo

.0m7

.m

.CW3

.0m2

–. mm
–. ml
–. ml
–. ml

.mm

.ml

. ml

. ml

.Oam

.m

..---- --------
--------
-.----.-
.-------

......
------

--------
--------
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TABLE I.—Continued. VELOCITY AND TEMPERATURE DISTRIBUTIONS FOR WEDGE FLOW WITH A VARIAHLE
TEMPERATURE ALONG THE POROUS WALL

f.--&.& EZ-”0.6

m (16)

n=o.6

a.<m-o.w
r

a#iiii
—-L4@l

z

(17)

n-lo

a.<iii
y -0.EW

aflc-lam

z

f 1- Y r Y“ Y Y’ Y“ Y Y y, Y r

0
.2
.4
.6
.8

LO
12
L4
1,6
L8

N
2.4
26
28

3.0
3.2

%!
3.8

4.0
4.2
4.4
4.6
4.8

&o
:;

&6
5.8

t:
0.4
6.6
&8
7.0
---

-0. tam
–. 4s64
–. Am
-. Sam
–. ‘2w

-.1940
–. 0723

.W

.2142

.3749

:%!
.W47

LIJJZ3
L2S5

1.4774
L6731

i%
2.a37a

24m9
LOW
2Wl
3.06E2
XZ3S

am
Z133m
3.MES
4.CW8
4.Z3M

*46E$
.— -----
--------
. . ------
. . . . . . .
--------

0. @a74
.6480
.m
. M16
.4Em

.4337

:g

.ZrS

.1847

.1475

. 11s4

.6E$3

.Oeal

.04S

.0345

:MJ

:%
.0027
. W16
. WI1O

.CnM

%g

. ml

.CQm
-.-. —
------
------
------

-6.2323
–. 2546
–. m
–. 2747
–. 2781

L CnM
.6+07
.9972
.Wm
.9784

Lm
.Wll
.Sm
.9739
.Qsm

.9313

.&m6

.8S76
:=

. WI

.6!W

.asm

. 4m

.4102

.3447

. .2%2

:?%
.1419

. K@

.m

$g

.0tr6

.0137

.m

.ats7

.W35

.m21

. a)12

.m
;=

.m

.Cmm

--- g
–. 0492
–. 0736
–. 10s4

-o-ml
–. C&4
–. mm
–. 1419
–. 1767

LW
; %6

. 7EQ3

.6784

.W93
,6233

:%
.32W

.2EPa

.2.212

. 17s3

.1424

.1117

-u W-4
-. 38X
-.4mQ
-.4072
-. 4W4

-.3374
-. W&9
-. 34ss
-.3191
-. m

-. !Wl
–. 2377
-. 1%4
-.1673
–. 1398

-.1147
-.Q325
-.0732
-.om3
-.0434

-.0325
-. OZw
-.0172
>. &n

-.03.57
–. 03?3
-. W25
-. We!
-.W1O

-. m
-. m
-. m
-. ml

--------
--------
--------

-0. Im
–. 0m6
–: yy

.0m3

jmlJ

. lm
;;%

. lm

. ml

. ls16

.1431

.1819

.n84

. lm

:%?
.Oea

:%
.02N
. cm?
. 016s

.0113

.mm

.mb4

:E

. m16

.0110
awl
.Cm3

-. . . . ..-
. . ------
.- . . . ..-

L~
.m

:%%
.6167

. ml

. 44s1

.3747

.Mw2

. ma

-0.4711
–. m
–. 4877
-. 47E3
-.4.527

-.4224
–. ?S&3
-.3470
-. mn
-. 20M

–. 22S2
-. lWZTI
–. lm!a
-. lm
-. lWJI

-. CC316
–,mu
-.0462
-.m.m
-.02M

-.0182
-,0130
-. Was
-. w
-. w

-. ma
-.0019
-. CQ12
-. cm?
-. Cm16

-. m
~.

--------
-. . . . ..-
-. . . . . . .
. . . . . . . .

--~y3&

. m17

:!%?

.1071

.LW

. ml
:~

:%
, lW
.1232
.1162

, X07
.W
. W70
.O.m7
. Ma

:%
.0176
,0120
. CC39

, ml
. ml
.m29
. m17
. cola

:%!
#m

. . . . . . . .

. . . . . . . .

. . . . . . . .

.- . . . ..-

0
.1346

:s
. 47M

.s673

. 647B

.7178

. m4

.62?3

:%%
.m
.W
.W4

.0748

.m

:%%J

:Z
. ml
.Wa.5
.Wa7

i%
L~
L~
LIXCKI

1. m
--.---
.---—
-. . ..-
------
------
------

0
–. mm
–. Om
>- CM&

–. nm
–. llma
–. 2MI
–. m
–. m

–. m
–. m
–. S&3
–.3a57
–.aMo

–.8346
–.3K5
–. 272S
~~

–. Iw
–. H31
–. lCW
–. ml
–. m

–. 68s9
–. 0314
–. O-219
–. mm
–. Olwl

–. C@35
~.

–. mm
–. Cmll
–. m

)
–. 0518
–. 1017
–. 1477
–. K?S

–. 21SB
–. 2323
–. 2333
–. !nm
–. IS7U

–. 1423
–. C@2
–.cm?a

.02@

.079s

–. 2764
–. !aJ7
–. ma
–. 2417
–. 2215

.’Z53

.CIm

.&ml

.2464

. 7M0

–. 1431
–. IM3
–.%
–. Z&34
–. W14

–. lWO
–. !2m
–. 2m7
–. 18w
–. lm

–. 1M4
–. 1723
–. 1479
–. rBo
–. 0a95

%%
.6s77
. mu
.4422

.3731

.3CW

.25CB

. 1W7

. lEZJI

–. 3m
–. 34F4
-.3544
–. 3512
–.3380

–. lml
–.W43
–. OICQ

.0424

.mw

:i%l
.1233
.CW5
.0733

–. 07M
–. 0602
–. 0449
–. mm
-. 02sl

. lm
.1666
.1764
. 1E23
.IsM

. lem

.W

. la

.1112

.CW3

–.slol
–. m
–. 2349
–.2201
–. 1353

.1270

.1549

.1707

. 17M

.1712

.C@JB

.Ow

. CM91

.0362

.0M2

:%%

:%%
.W

:=

. mlo

.Cm7

.m

.CZM2

. ml

. ml

.Cmm
-.-. —
------

–. 0167
–. 0106
–. m
–. w
–. m

.1194

:E
.0$76
.0235

–. 1521
–. 1219
–. 0863
–. m
–. 0.543

.mm

.1424

.1227

.1024

.0827

.0102

.CM41

.W46

.m

.C#l

–. 11116
–. m
–. m
–. Cm2
–. m

.0z12

. 01s

. 010s

.m

.CW4

.0711

.W6

.04w

.CQm

.0Z@3

.0143

.m

.Cm.4

.CO?$

.m

.m

–. 03w
–. 62s2
–. 01’xl
–. m34
–. Cu39

.W9

.04M

.am

.Cm.6

.0127

. m12

.m

.WL5

.m

.C#2

. ml

.0#3

.m

.Um
.--.----
. . . -----
.-------
.--.-.--

–. 0259
–. lwa?
–. m
–. 0314
–. m
~.

.OWE

.C@37

. mb7

:$%
. m13
.COn

.....-

......
-....-
-.-.. .
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TABLE I.—Continued. VELOCITY AND TEMPERATURE DISTRIBUTIONS FOR WEDGE FLOW WITH A VARIABLE
TEMPERATURE ALONG THE POROUS WALL

I
(19)

n-o.u

a@@.o.m
r

(m

d*-@ o-m

z

A41&42g
z

al@l@.,=
z

Y. r r’rlr’ y,, Y Yf r’

o
.1
.2
.3
.4

-o. won
-.4952
-. 4&l-a
-. w
-.4232

0
.0943
. Ma
.Z87
.3445

0: ~

%J
. 6Q47
.6303
.5857
.5335
.4S2

.43s2

.31W

. 34m

.3072

.2703

-o. Um4
-. m
-. 55L5
-. w
-. Ma

-.5553
-. 54=$9
-. ‘m13
-.5132
-.4917

LW30
.W8a
.9W4

:%

.Wms

.W2

.9752

.W95

.fuEa

. ‘mIo

.9103

.W7

.6f&2

.8277

.7W4

.m!s

.m

.m

.63s2

o 0
-. W23 -.0450
-. mu -. 04wl
-. 0w3 -.1230
-. OW –. 1695

–. 0537 -. !2109
–. m –. 2%0
-. 10M –. 2735
-.1317 –. 2W3
-. 1F23 -.3135

-.1941 -.32313
-. ZaM -.3240
-. mm -. m
-. ml -. m
-. 31E6 -. m

L~
.Wxl
.9149
.6m8
.W12

.7m2

. ml

.6911

.I?4@3

.e027

.5593

.5176

. 47E3

.4374

.33W

.W5

.32a2

:E
.2374

44132
-. aa
-. 4?s4
-.4433
-.4437

.

~: yJ

–. CEs4
–. cm3
–. a349

–: g=oSJ

.C@3

:%

.1050

.lxl

.1411

. lW

. 16W!

Lom
.W’3a
.s67
.84s
.7W3

:E
.W2
.5957
.mm

.4919

. Um

:%
.32W

.20.53

.m32

.2335

.!E3P3

.1813

.4 W&l

–. 5!M
-. 5W2
–. Em

–. 5240
–. 514e
–. M20
–. 4s73
–. 4693

–. 449s
–. 42H
–. 40M
–. m
–. 2373

-o. Im
–. Im
–. CriM
–: &l&

:!%?.lWI
.1057
. mm

.W67

.2213

.2323

..me

.2441

. 24s

.2441

. 24m

.2343

.2M.S

.6

.6

.7

.8

.0

1.0
1.1
1.1
L3
1.4

-.3931
-. 84s2
-.2335
-.2362
-.1725

-. IM1
-: ~

.1237

.2030

:%%’
.4047
.55@
.0486

.463

.4823

. &u7

.6037

. ems

.0974

.7323

.7754

. ml

.8370

-. 4m
-. w
-.4478
-. 44a
–. 4W

-.4675
–. 4411
–. 4131
-.2340
-.3543

-. 42s3
–. 443
–. 4011
–. S332
-. w

-. m
-. 3m5
-. 3W3
-.4669
-.485

.e523

. m43

.W34

.9199

.tWo

.2283

:%%
.1521
rim

-.3245
-. 2W
-. m62
-. 2%3
-. 2U8

–. 2557
–. 2214
-. 1S22
-.1392
-.0937

-. &m
~.

–. 2946
–. 274A

.m7

. lsm

. lwl

.!mn

.!2024

–. m
–. Sms
–. 2s45
–. mm
–. 2377

.7427

.8278

1:%
1.E2S

.0459

.@5Eal

.0644

. 9n4

.9772

.1097

:E
.@B9
.0525

-. m
-. lea
-.1418
-. IZlo
-. m42

.5970

.5542

. 6U5

:%

-.4256
-. m
-.4259
-. 41w
-. 4a57

-.0471
-: &&

.Owl

. l!MI

.2114

. mm

. M40

.1441

.12J53

–. 2542
-.2341
-.2143
-.1050
-.1704

.2022

:&’
.IR37
. 1W3

.11597

. 1sS

. llus

.1023

.WS3

–. !ma
–. 1944
-.1743
–. 1554
-. m

.2171

.X55

.1846

.1824

.1605

ki%
L4223
1. U2n
L @14

1.7260
1. Szo4
L 9201
2, Olw
21107

2 nm
23195
24195
26194
26164

.Q’m

:&!i
.9315
.s%35
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TABLE 1.-C2mtinued. VELOCITY AND TEMPERATURE DISTRIBUTIONS FOR WEDGE FLOW WITH A VARIABLE
TEhITERATURE ALONG THE POROUS WALL
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–. mll .7643 -. lm –. 0m2

–. lm4 –. 0m9 .7251 –. I(W
.7F33

-.0212
-.1659 –. 0m3 . 6s.s1 -. m17 –. 018+3
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-. m%
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.1732 -.1241
.0673

;% .1078 -. QW
. MM –. 1139 mJo-J

.Obm
-.@Is

. 13TM -.1633
.6434

.6517
. 11?2 -. m .0613
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.183a

. 1E31
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.Om

. CW7

.m64

.m

.ma4

&o 261S
8.2 28155

–. 6!05
:s :E ~.

&4 3.0131 .%?23 .0176
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.mm
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.mn
-. mm
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.0139 :%! -. m46
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.mm
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. mll –. mm
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.Ixm :%%
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.m2s ;=
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. mls -. w .WQ6

3.m3 .9W .Cms –. OHS
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–. m
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.mm

–. Cwm
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.Wo
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la o 46079 .Sw5 axe –.0319
m. 2 &m .s%97 .CKIM
la 4

–. m13
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IO. 6 15.mn :%% :s
10.8
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&m .MW . ml –. 01m3

.m?3

.W4

:%%’.mla

–.0111 . 016s
–. ak31 . 01S)
–. mm
–. w .mn
–. UYZ9 .W

.ma -. @x41 . m13 . ml -. m

.Cm2 -. m . mlo .CMm
.Cm4

-. @M2
.Clml -. m

.m
.m

.m
-. ml

–. w %J .Mwl -. ml
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:K%
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.am
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TABLE I.—Continued. VELOCITY AND TEMPERATURE DISTRIBUTIONS FOR WEDGE FLOW WITH A VARIABLE
TEMPERATURE ALONG THE POROUS WALL

f.-–l; Ek@.U

W (2s) cm)

E#E-*m 71--O.3W U-6.8 u-LO

v Lm ~mn c-@dm
LW.OM

~~md.m
z r z

z

*.W745 +.l.?s% ~m.m

z

1 r ,,, f‘“ Y Y’ r’ Y Y’ Y“ Y r r’

o -L @xl o 0.6346 -. ~ LW o 0 I.wm -0.2323
.!2 –. CE94 .1048 .6132 .@ws –. m23

–a 1327 LW@ a .W4
–. 02n .9464 –. m

~ :7

.4
–. loal .Q?,Q3

-. WS4 .m .45m -.1276 .s%?6 : ga –. Osio .ESQK
-.W

.6 –. m78 .4622
~. ~ –. @.53 .6s65 –. m -. M7e

–. 1402
.8

. W49
–. m7 :?&% .4BI

–. M72 :% –. 6612 .7702 –. WFo –. ml
–. 1517 .En8 –. C45.5 –. IC@O –. 32W –. OwB . 7Q18 –. 8S3 .0m7

1,0 –. 7.522 . 47W .4017 –. 1614 .m
1.2 -. Mm .W4

-.’C$73 . Mm .7Q07 -. m .0123 .6249 –. ml .W
–. K@ .0ES3 —.,1C40

1,4
–. 16s0 .IR54

-.6325 .6237 :%%
–. 3269 .0112 .Mo2 –. 3a56 -cm

–. 1739 .(G67
L 6 -.4019

–. lW
. m41 .KW

–. m .57C6
–. 1769

–. 22J4
. WJ9

.W41 . 4m
–. 17M

;&q .1116
~- Ig :%

L8 -. m .7404 .X.42
-.3124 .C&56 .412a . 12M

–. 1746 .8353 –. 2J2S -. mm .0748 .3m6 –. 2042 .1417

20 –. IWS :~ –. I&@ .82W –. b
22

–. 1764
. ml : mw

–. ‘nZ3 . M114 .2947
:Ex

–. M-52 .1481
–. 1618 . 7e433 –. 23X –. 1519

24 .m .86s.5 . I@ –. lKQ
–. 2#o ,1043 .2446

. mm –. 3092
–. 23s3 . 14e5

-.1175 .2827
26 . ml .1383

–. !MIO .1146 –. m .1464
–. 1376 .6437 –. m -. 07b$ –. 2174

28 .Im.E3 :% .1103
. 120s :% –.lm

–. 12?3 .s7’64 –. 33%2 –. 02$4 :E –. lea .lZ% .lzm -. ltm :%

3.0 .nm ;% . W% -. ml .Em7 –. WM
32

.0176 . lm –. IW3 .1210
–. m

. lox –. Im2 . IJS2

3.4 i!% .971Q
.412 –. 3Ea4

:E
.E%a –. 1443

–. 0739
.1162 .6794

. 37e3 –. 3161 :R!
–. IE3 . K@

. J016 –. EZ3 . law .Wm
L3E02 .Slm3 .6333 –. w .3153 –. ZQ29

–. ml . WJ17

::
. KM@ .0793 –.1016 . ml . Oibcl –. @Ml

1.5467 .mm .02n –. O@ .2M14 -. %7 . me .m –. m28 . W2 . a242 –. m7 %!

4.0 L 7444 . 018+ –. mm .Z136
;:
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L W%

.1616 .W
;% .0136 –. 02E3

–. mm
. 1W4 -. m

.0251 –. mm
. lm .6342 –. 6621
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–. m
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.KQ7

–. 0331 .W3
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&6 4.3403
.Cm4 –. Cm4
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7.4 ------------ ---------- ---------- ------------ -.:Y- -:.?- __”-w!?-
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TABLE I.—Conoludd. VELOCITY AND TEMPERATURE DISTRIBUTIONS FOR WEDGE FLOW WITH A VARIABLE
TEMPERATURE ALONG THE POROUS WALL

f.-–l; mill
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a*@ ox n. -0.422.5 n-O.6 n=l.o

7
v a.m ~ ~

+*7

8*%E
~-om !+0.7W—.
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–. mm .m . sill –. 3?S3 . ml –. 07b4 –. ml .m –. 3.513 -.0577 .W2 -.473 .0172

LO –. 6@3 .ewa’ .4437 –. 3m ;= –. l17K
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–. m .0797 –. w –. OMo –. 4CW .0445
-. Uwa .6SXI –. m –. 1659 –. 2334 .6076 –. X.09 . ola2 :E
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–. 241KI
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.1040

–. 2992 .8043 –. 2177 –. 2334 X3-g
L6 ; %M .26E9

–. 2$56
–. m

.0441 .446a -. 3s78 . X364
–. m .84m –. ml –. mm
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-.3434

–.c@3 . ~b
. 37M –. 2S3 . 1W4

-.2410 .7E%3 –. am –. 21e9 .= –. 2262 :% .nll -. WI&l .1733

20 .1074 .fM@ . 162% –. m .7137 –. 2$46 –. Iw .37SI –. 3018 .1224 .2no -. ‘2m3
22

. lem
.% := .1244 –. 1742 .64W –. 3912 –. 11B2 .2784 –. 2742 .1462 .203s
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